We study evolution of self-interacting dark matter (SIDM) subhalos in the Milky Way (MW) tidal field. The interaction between the subhalos and the MW's tides lead to more diverse dark matter distributions in the inner region, compared to their cold dark matter counterparts. We test this scenario with two MW satellite galaxies, Draco and Fornax, opposite extremes in the inner dark matter content, and find they can be accommodated within the SIDM model proposed to explain the diverse rotation curves of spiral galaxies in the field.
Introduction. Dark matter makes up 85% of the mass in the universe, but its nature remains largely unknown. Over the past decades, most studies have focused on the cold dark matter (CDM) model, where the dark matter is composed of collisionless massive particles. CDM has a tremendous success in explaining the large-scale structure of the universe [1] and overall features of galaxy formation and evolution [2] [3] [4] . However, it has also long-standing issues in accommodating observations on galactic scales [5, 6] . For example, rotation curves of field spiral galaxies exhibit a great diversity, i.e., there is a large spread in the inner circular velocity for these systems at a fixed mass [7] . On the other hand, they also show a uniform feature: the total radial acceleration is correlated with the baryonic contribution [8] . Recently, it has been shown that both the diversity and uniformity can be reconciled in the self-interacting dark matter (SIDM) model with a fixed cross section [9] . In SIDM, dark matter collisions thermalize the inner halo over the cosmological timescale [10] [11] [12] [13] [14] [15] , together with the baryonic matter and correlate their distributions in a coherent way [16] [17] [18] [19] [20] [21] [22] , in accord with observations of spiral galaxies in the field [23] [24] [25] .
SIDM may also provide a solution to puzzles associated with dwarf spheroidal galaxies (dSphs) in the Milky Way (MW), e.g., the most massive subhalos predicted in CDM are too massive to host the bright MW dSphs [26, 27] . SIDM simulations show that dark matter self-interactions can lower the central density of the subhalos and alleviate the tension [14, 28] . Despite this success, a detailed analysis of stellar kinematics of the bright MW dSphs shows the preferred dark matter selfscattering cross section per mass, σ/m, varies within a wide range [29] . The spread in the cross section reflects diverse dark matter contents of MW dSphs' halos, beyond the scatter predicted in CDM-only simulations as in [30] . For example, Draco and Ursa Minor are much denser than Fornax and Sextans [29, [31] [32] [33] . Unlike spiral galaxies in the field, we expect environmental effects to play a relevant role in shaping MW subhalos. Indeed, in the case of CDM, the tidal effects can lower central densities for massive subhalos [34] [35] [36] [37] [38] and reduce the number of small ones [39] [40] [41] [42] .
Cosmological simulations have shown that SIDM subhalos have a larger spread in the inner dark matter content for σ/m = 10 cm 2 /g [14] , compared to the CDM case. In particular, with such a large cross section, subhalos could experience SIDM core collapse, resulting in high central densities. More recently, it has been suggested that Draco's host could be in the core-collapse phase for σ/m > ∼ 5 cm 2 /g [43] , as it has a small pericenter distance to the MW estimated from Gaia data [44] and the tidal effect could trigger the core collapse. Intriguingly, for the bright MW dSphs, there is an anticorrelation relation between their central densities and pericenters [33] , which seems to support this scenario.
In this Letter, we explore tidal evolution of SIDM subhalos in the MW's tides, using N-body simulations implemented with realistic MW potentials. The SIDM thermalization coupled with the MW tidal field can lead to diverse dark matter distributions in subhalos. And they can be in either core-collapse or -expansion phases, depending on the cross section, pericenter and initial halo concentration. We demonstrate that Draco and Fornax, two extremes in the dark matter content among the bright MW dSphs, can be explained in the SIDM model with σ/m = 3 cm 2 /g, the value used to fit the diverse rotation curves of spiral galaxies in the field [9, 24, 25] . We further explicitly show the mechanism leading to core collapse in the tidal field and study mass loss for both SIDM and CDM subhalos. Simulation setup. We carry out N-body simulations using the code AREPO [45] with a module developed in [14] for modeling dark matter self-interactions, and use SUBFIND [45] to follow the evolutionary track of the subhalo, defined as the set of gravitationally self-bound particles. Following [20] , we model the baryon and dark matter distributions of the MW with static potentials, while treating dwarf subhalos with the N-body code.
We include both the disk and bulge components in our MW model since they present in the MW and can play a significant role in tidal evolution of the subhalos [42] . The orange bands show cored isothermal density profiles from the fits to stellar kinematics of Draco (left) and Fornax (right) at 95% CL [33] .
For the stellar disk, we use the Miyamoto-Nagai po-
10 M is the disk mass, R d = 3.38 kpc is the disk scale length, and z d = 0.3 kpc is the disk scale height. In addition, we include a Hernquist bulge potential Φ H = −GM H /(r+r H ) [47] , where M H = 1.05 × 10 10 M is the bulge mass and r H = 0.46 kpc. We model the main halo using an NFW profile [48] with the maximal velocity V max = 200.5 km/s and the associated radius r max = 43.4 kpc, and the corresponding halo mass is M 200 = 1.4 × 10 12 M . With these parameters chosen for the main halo and the baryonic component, we can reproduce the MW mass model presented in [49] , in accord with measurements of MW stellar kinematics and the local dark matter density. In principle, one should also include the self-scattering effect for the main halo. However, for a MW-like galaxy, where the baryons dominate the central regions, an SIDM halo profile can be similar to an NFW one, because SIDM thermalization with the baryonic potential increases the central dark matter density [16, 18, 20, 42] . We have checked that the NFW halo we take here is a good approximation to the SIDM MW halo constructed in [20] . We also note that the host potential does not evolve with time.
We use an NFW profile to model the initial dark matter distribution in subhalos and choose the following three sets of initial conditions. Dwarf 1: its characteristic maximal circular velocity and associated radius are V max = 28.8 km/s and R max = 1.9 kpc, respectively. Note Dwarf 3 has the same initial halo mass as Dwarf 1, but its concentration is slightly lower. We use the code SPHERIC [50] to generate initial conditions for the subhalos.
For Dwarf 1 and 3, we simulate CDM and SIDM cases with σ/m = 3 cm 2 /g, 5 cm 2 /g and 10 cm 2 /g, and fix the pericenter as 26.5 kpc to be consistent with Draco's, 28 +12 −7 kpc, estimated from Gaia DR 2 [44] . For Dwarf 2, we perform the CDM run as well as SIDM with σ/m = 3 cm 2 /g, and take the pericenter as 46 kpc, motivated by Fornax's 58 +26 −18 kpc [44] . We place the initial subhalo at a distance of 230 kpc from the center of the main halo at t = 0, and confine the orbit in the plane of the stellar disk. For each subhalo, we choose a "kick" velocity, which is perpendicular to the line connecting the center of the main halo and the subhalo, so that we can obtain the desired pericenter distance; see Appendix for the orbital trajectory of Dwarf 1. We perform simulations with total number of particles N p = 10 6 for Dwarf 1 and 3, and N p = 5 × 10 6 for Dwarf 2, yielding equivalentPlummer gravitational softening length of 25 pc.
A case for Draco and Fornax. We first highlight that the SIDM model with a fixed cross section could explain both Draco and Fornax, although their central dark matter densities differ significantly. Fig. 1 (left) shows the density and velocity-dispersion profiles (solid) at t = 10 Gyr for Dwarf 1. In all cases, the MW's tides significantly strip away halo masses and lower densities in the outer regions. All of them have similar density profiles for r > ∼ 1 kpc, but their central densities are different. For CDM, the inner profile is resilient to tidal stripping and remains cuspy as the initial one (dashed), consistent with earlier findings [34] [35] [36] . While for SIDM, the central density increases with the cross section, opposite to the trend found in field halos [30, 51] . In fact, all the SIDM halos are in the corecollapse phase after 10 Gyr's tidal evolution, as their velocity dispersions are larger than the CDM counterpart and profiles have negative gradients in the inner regions, r < ∼ 1 kpc, an indication of SIDM core collapse [43, [51] [52] [53] . For a field halo with the same halo parameters as Dwarf 1, we can use equation 4 in [53] to estimate the core-collapse time to be t c ∼ 16 Gyr for σ/m = 10 cm 2 /g and it becomes even longer for a smaller cross section, as t c ∝ 1/(σ/m). Thus, the MW tides can significantly accelerate the onset of core collapse for SIDM subhalos.
For SIDM with σ/m = 3 cm 2 /g, the dark matter density profile after tidal evolution agrees with the cored isothermal density profile inferred from the stellar kinematics of Draco [33] . For a field halo with the same initial NFW profile as Dwarf 1, dark matter selfinteractions create a large density core and the central density is 8.5 × 10 7 M /kpc 3 estimated using the analytical model in [23] , too low to be consistent with observations of Draco. This explains why the earlier analyses [29, 32] , which did not take into account the tidal effects, found σ/m < ∼ 0.3 cm 2 /g for Draco. While for two other SIDM simulations with larger cross sections, the predicted central densities are actually too high to explain Draco, opposite to the expectation for the field halo. We have also checked that for Dwarf 1 with σ/m = 3 cm 2 /g, the inner density is reduced by 20% if we allow for pre-evolution for 3 Gyr outside of the main halo and then another 10 Gyr's tidal evolution. Fig. 1 (right) shows the density and velocitydispersion profiles at t = 10 Gyr for Dwarf 2. We take σ/m = 3 cm 2 /g for the SIDM run, and the halo is still in the core-expansion phase after 10 Gyr's evolution. Dwarf 2 has higher halo initial mass but lower concentration, compared to Dwarf 1. In this case, the interplay between dark matter self-interactions and gravitational tides leads to a large SIDM density core and a shallow density profile, reproducing the cored density profile inferred from Fornax [33] reasonably well. We could adjust its halo parameters and pericenter to further improve the agreement in the range of 0.5-1 kpc.
We have demonstrated that the interplay between SIDM thermalization and tidal stripping can lead to diverse central densities for subhalos, in accord with observations. Draco's host has high concentration and experiences core collapse when it evolves in the MW's tidal field, resulting in a high central density. On the other hand, Fornax's host halo concentration is lower, and it is in the core-expansion phase after tidal evolution, leading to a shallow density core. Thus, we expect SIDM can accommodate diverse dark matter contents in MW dSphs, as we have shown for the two extremes, Draco and Fornax, consistent with theoretical predictions [33, 43] . In our simulations, we have deliberately chosen the halo parameters for Dwarf 1 and 2 such that the SIDM model with σ/m = 3 cm 2 /g [9, 24, 25] can reproduce the observations after the tidal evolution. For other σ/m values, we would need to adjust the initial parameters to match observations. Dwarf 1's initial halo concentration is on the higher end of the distribution predicted in cosmological simulations [54] , but we emphasize this is a necessary condition for the core collapse to occur, as t c is extremely sensitive to c 200 [33, 43, 53] , t c ∝ (σ/m)
200 . A small difference in c 200 could lead to a huge difference in t c . To see this, we simulate Dwarf 3 that has the same initial mass as Dwarf 1 but slightly lower concentration. As shown in Fig. 2 (left) , all SIDM cases have similar shallow density profiles and there is no clear evidence of core collapse, even though c 200 is only reduced by 20%. In this case, even CDM predicts a density too low to be consistent with observations for r > ∼ 0.2 kpc, indicating that Draco's host could be indeed highly-concentrated. On the other hand, since there is a degeneracy between t c and σ/m, one may reduce c 200 mildly by increasing σ/m. In addition, smaller c 200 could be allowed if the actual pericenter distance is smaller than the one we take in simulations.
Tidal evolution and core collapse. To further appreciate dynamics triggering SIDM core collapse in the tidal field, we take a close look at the evolution history of Dwarf 1 with σ/m = 10 cm 2 /g, the most extreme case in our study. Fig. 2 (right) shows the velocity-dispersion profiles at different times during the evolution. Overall, the σ v value at large radii, say r = 1 kpc, decreases gradually, due to tidal stripping from the MW. Initially, inner σ v has a positive gradient in the radius as predicted by the NFW profile. At early stages of the evolution, dark matter self-interactions lead to heat transfer from the outer to inner regions, denoted by the "←" symbol, the core size increases and the central density decreases, similar to the case of a field SIDM halo. At the same time, the maximal value of σ v , the height of the heat reservoir of the dwarf halo, decreases over time due to the mass loss of the dwarf halo in the MW tidal field. Thus, a negative gradient, a necessary condition for the onset of SIDM core collapse, can be more easily satisfied for a subhalo than a field halo. For the example we consider, the transition occurs around 4 Gyr, at a time when the inner dispersion profile is almost flat. Then, the heat flow reverses its direction towards the outer region ("→"). As a self-gravitating system, the inner halo has negative heat capacity, the more heat is extracted by dark matter collisions, the further it collapses to convert its gravitational energy to kinetic energy [55] . Thus, both the inner dispersion and density increases at late stages, t = 8-10 Gyr. We have also simulated Dwarf 1 with σ/m = 10 cm 2 /g, but a larger pericenter, 46 kpc, and found the core-collapse transition occurs around 8 Gyr.
Mass loss. As we have shown, the interplay between dark matter self-interactions and the MW's tides can lead to diverse inner density profiles. However, overall tidal evolution histories for the cases we consider are remarkably similar. Fig. 3 shows the ratio of the total mass of bound particles to the initial halo mass vs. cases, the halo loses 80% of its initial mass within the first 2 Gyr. Moreover, for a given initial halo and its pericenter, the mass loss rate is almost independent of the self-scattering cross section for the cases we study. We also find that the mass-loss rate is sensitive to the halo concentration. For example, Dwarf 1 has a smaller pericenter than Dwarf 2, but its mass-loss rate at later stages is less pronounced than Dwarf 2. And Dwarf 1 and Dwarf 3 have the same pericenter and initial mass, but the former is a factor of 2 more massive than the later after t = 10 Gyr's tidal evolution as Dwarf 1 has a higher initial c 200 value. These results reflect the fact that a subhalo with high concentration is more resilient to tidal stripping. Conclusions. We have shown that the interaction between the SIDM subhalos and the MW's tides can lead to diverse dark matter density profiles in the inner region. The significance of the tidal effects depends on several factors, including the subhalo concentration, mass, self-scattering cross section, pericenter and infall time. In particular, our simulations show the SIDM core-collapse condition is extremely sensitive to the initial halo concentration. After including the tidal effects, we have demonstrated that the SIDM model with a fixed cross section, proposed for field galaxies, can accommodate the MW dSphs Draco and Fornax as well, although their dark matter contents differ significantly. For the cases we studied, the overall mass loss rates are almost identical for SIDM and CDM subhalos. With our choice of orbits, all simulated dwarf halos lose 96-98% of their original mass after 10 Gyr's tidal evolution.
There are several promising directions we can explore in the future. It is natural to extend our work to other MW dwarfs, including ultra-faint dwarf galaxies, to see if SIDM can fully reproduce the observed trends in these systems [33] . Moreover, we can study the stellar distribution of MW dwarf galaxies and its correlation with the core size and the pericenter. It would also be of great interest to perform hydrodynamical simulations to follow the formation and growth of a MW-like galaxy and study the tidal effects on SIDM subhalos in the cosmological setup.
